Variations of volcanic aerosol layers originated from eruptions of Mt. El Chichbn and Mt. Pinatubo observed in Fukuoka are analyzed.
Introduction
Large amount of stratospheric aerosols produced from the sulfur containing gases injected by violent eruptions of volcano are considered to be possible cause of global climate change. The sulfuric acid aerosols transported to the polar region, on the other hand, may act as nuclei of Polar Stratospheric Cloud, which subsequently play important roles in the destruction of ozone in the polar stratosphere (Hofmann and Solmon, 1989; Arnold et al., 1990; Hofmann and Oltmans, 1993; Xue and Brassene, 1994) . The serious eruption of Mt. El Chichbn in Mexico (17.3°N, 93 .0°W) on 4 April in 1982 injected large amount of volcanic gases into the stratosphere and the increase of aerosol loading in the global stratosphere was regarded as one of the largest atmospheric perturbations in this century (Shibata et al., 1984; Hofmann, 1987) . Effects of the volcanic aerosols on the global climate have been discussed by a lot of researchers since then (Parker and Branscombe, 1983; Hansen et al., 1992; Labitzke and McCormik, 1992; Angell, 1993) . Angell (1993) examined the effects of three volcanic events, Mt. Agung, Mt. El Chichbn, and Mt. Pinatubo, on stratospheric warming, and reported that warming in the tropical stratosphere following the three eruptions were greatest at 20 km.
About 9 years after the eruption of Mt. El Chichbn, Mt. Pinatubo in Philippine (15.1°N, 120.4°E) erupted violently. The major eruption of Mt. Pinatubo occurred on 15 June in 1991 and the amount of sulfur containing gases injected into the atmosphere has been reported to be larger than that injected by the eruption of Mt. El Chichbn. And the amounts of sulfuric acid aerosols produced from the volcanic gases were expected to have been the greatest one in this century (EOS,1991; Bluth et al., 1992; McCormick and Veiga, 1992; DeFoor et al., 1992; JAger, 1992; Gobbi et al., 1992; Hayashida and Sasano, 1993; McPeters, 1993; Uchino et al., 1993) . The sulfuric acid aerosols formed in the stratosphere, which spread -Present Affiliation: National Institute of Environmental Science , Tsukuba 305, Japan. all over the globe, are expected to be more serious than the El Chichtn event in their effect on the global climate, as well as on the destruction of polar stratospheric ozone.
We have conducted the observation of stratospheric aerosols by Nd-YAG lidars in Fukuoka (33°N, 135°E) for about 15 years before 1989 at Kyushu University, and at Fukuoka University after that. In this paper, a comparison of both volcanic events especially in the initial stages of the events is made.
Lidar Systems and Observations
The observations of El Chichbn event were made with a Nd-YAG lidar using both the fundamental and second harmonic wavelengths at Kyushu University. The results of observation by the fundamental wavelength were discussed elsewhere (Shibata et al., 1984) . The second harmonic data obtained in 1982 and 1983 are analyzed in this paper. The Pinatubo event was observed by the second harmonic ofNd-YAG laser atliukuokaUniversity. Characteristics of the lidar systems at two of the stations are shown in Tables 1(a) and I(b). In spite of the difference in the power of laser and the diameter of receiving telescope for the two lidar systems as well as the difference in the number oflaser sounding at every observations, which led the different accuracies of data, all the data are averaged vertically to the same height resolution of 750 m. From the measured profile of intensity of the backscattering light, the backscattering coefficient of aerosols, /3, and the scattering ratio, R, are calculated with the normalization height around 30 km using an algorithm described by Femald (1984) . The backscattering coefficient is the backscattering cross sections in a unit volume and roughly proportional to the number density of the aerosols. The scattering ratio is defined as are the backscattering coefficient of aerosols and that of atmospheric molecules 
El Chichon
Traces of volcanic scattering layer superposed on the background aerosols appeared over Fukuoka 2 weeks after the major eruption of Mt. El Chichon at altitudes around 15 km and 25 km, which were followed by the appearance of extraordinary strong scattering especially in the upper altitude. Figure 1(a) is the time-height cross section of the scattering ratio R for the observations of about 20 months after the major eruption. The main layer with large values of the scattering ratio persisted at altitudes around 25 km for about five months and then descended down to an altitude of about 20 km during the next 5 months.
To see the rate of descent motion of the aerosol layer, we defined the center of gravity of the backscattering coefficient in the stratosphere as following equation. where, C, /3,(z), and z are center of gravity, backscattering coefficient of the aerosol, and altitude respectively. Time variability of the center of gravity is shown in Fig. 3(a) . The center of gravity which lay around 23 km in the first summer moved down to the altitudes around 20 km in the second summer. The speed of the downward motion of the center of gravity averaged over one year from the first summer to the second summer was about 8 m/day. Time variability of the peak value of R is shown in Fig. 2(a) . Peak value attained its maximum, R = 48 at 25 km, about one month after the major eruption. After having taken its maximum in May 1982, peak scattering ratio decreased quickly, almost exponentially with time.
The variation of integrated backscattering coefficient (I.B.C.) which, roughly speaking, is the quantity proportional to the column content of the aerosols above the tropopause, is shown in Fig. 4(a) . Heights of the tropopause are also plotted in the lower part of the figure. The figure shows that the bulk of the volcanic cloud arrived in Fukuoka very fast, about a month after the eruption. The figure also shows remarkable seasonal variation, increase in winter and decrease in summer, being superposed on the 
Pinatubo
The scattering layer originated from Mt. Pinatubo was first observed just above the local tropopause over Fukuoka in early July 1991, about three weeks after the major eruption of Mt. Pinatubo. An intense but very thin scattering layer appeared around 21 km a month after the eruption. During the first three months after the eruption, volcanic layers appeared intermittently over Fukuoka.
Time-height cross section of the scattering ratio and time variability of peak values of the scattering ratio observed in Fukuoka are shown in Figs. 1(b) and 2(b) respectively. From September 1991, three months after the eruption, the volcanic layer could be observed steadily at about 21 km. The intense scattering layers, R > 9.5, appeared periodically with a period of about a month in the first year, and the largest value, R = 17, was observed about 130 days after the eruption.
The center of gravity of the backscattering coefficients, which were around 20 km in the first winter, descended gradually with time to about 17 km in the second winter ( Fig. 3(b) ). Average speed of the downward motion is calculated to be about 8 m/day, which is comparable to that in the case of El Chichbn event.
Time variability ofthe I.B.C. is shown in Fig. 4(b) . Although very strong scattering appeared a month after the eruption, the remarkable enhancement of the I.B.C. was observed in September of the first year. It took about three months for the bulk of the volcanic aerosols to arrive in Fukuoka in this case. The variation also shows the seasonal variation similar to the case of Mt. El Chichbn event, large in winter and small in summer. Maximum value ofthe I.B.C., around 4 x 10-3 Sr1, was observed in the first winter. After attaining the maximum, I.B.C. decreased monotonically with time.
4. Discussion 4.1 Characteristics ofthe transport ofthe volcanic aerosols, and the altitudes where the volcanic aerosol layers were formed in the initial stages At the initial stages, the height of the main layer of volcanic aerosols and the time of arrival in Fukuoka are quite different between the two of the events. The differences inferred from the differences of the heights where the ejects were injected to and the time of a year when the injection occurred. Comparing the features of the volcanic clouds of El Chichbn and Pinatubo, it proved that the height of the main layer and the time of arrival of the aerosols were quite different.
In the case of El Chichbn, the upper layer of volcanic aerosols which was observed around a height of 25 km initially two weeks after the major eruption increased quickly and attained the maximum, Rmaa = 48, only in about a month. While, the bulk of Pinatubo volcanic aerosol layer arrived about three months after the major eruption. The altitudes ofthe layer were around 22 km and the maximum scattering ratio was Rmas = 17 at about 130 days after the eruption. DeFoor et al. (1992) also reported that the height ofthe El Chichbn cloud was higher than that of Pinatubo cloud. They observed the Pinatubo volcanic cloud by lidar at Mauna Loa observatory in Hawaii (19.53°N, 155.58°W) , and reported that the Pinatubo volcanic plume reached up to the altitude range of 27 to 28 km, while height of the El Chichbn volcanic plume was higherthan 30 km. Although it is difficult to make a direct comparison between the initial stages of the El Chichbn cloud and the Pinatubo cloud, because of the difference in the seasons of the eruptions, it is probable that the Mt. El Chichbn injected the ejects up to higher altitude than Mt. Pinatubo.
The difference in the time of arrival of the bulk of the volcanic aerosols is considered to be resulted from the difference in the seasons when the maj or eruption occurred. The features of transport in the lower stratosphere varies with season accompanying with the variation of the background wind field and accordingly the planetary waves. In winter, when the westerly wind prevails, the planetary waves can be transmitted to the stratosphere, and the latitudinal transport is activated by the meandering of the stream lines. In the case of Mt. El Chichbn event, the volcanic aerosols were transported to the higher latitudes as Fukuoka very quickly. In summer, when the wind in the lower stratosphere was easterly and the latitudinal transport was weak, the supply of the volcanic aerosols to the higher latitudes decreased, and the I.B.C. was small. The aerosols began to increase again in September when the wind in the lower stratosphere began to change to westerly, and I.B.C. attained its maximum in December, about eight months after the eruption of Mt. El Chich6n. In the case of Pinatubo event, the arrival of the bulk of the aerosol layer was about three months after the eruption, in September, as the major eruption of Mt. Pinatubo was in summer when the wind in the lower stratosphere was easterly and the latitudinal transport was weak. The maximum of I.B.C. was observed in the first winter, about six months after the eruption.
To examine the day to day variation of the transport of the volcanic aerosols around Japan in winter when the planetary wave was active, heights of isobars at 30 hPa and scattering ratios observed on the same days are shown in Figs was not so large, there were two high pressure regions in the east of Japan. The effects of the existence of the high pressure regions on the stream line over Japan were small on that day, as they were not developed well. After a few days, on 21 October (Fig. 5(b) ), the two high pressure regions merged into one and well developed, and a systematic structure of the stream line was formed in the west of Japan. A stream which came from far western longitudes along the zonal circle and another stream which was swirling around the high pressure region converged just by the west coast of Japan. When the systematic convergence of the stream lines occurred, dense aerosol layer was transported from the southern latitudes by the circulation around the high pressure region, and the density ofthe aerosols in the zonally circulating parcel around Japan was enhanced by the convergence (Fig. 6(b) ). This result suggests the existence of a large latitudinal density gradient in the southern latitudes. Trepte et al. (1993) reported the existence of the large latitudinal gradient of the aerosols. They analyzed the data of the distribution of the Pinatubo volcanic aerosols obtained by SAGE II satellite during 10 months after the eruption. According to their report, large portion of the volcanic aerosols were confined within the tropical belt bounded by a large density gradient at subtropical belt, and the transport of the aerosols to higher latitudes in the winter hemisphere was caused by synoptic scale events which correspond to the planetary wave activities around the altitudes of 30 hPa. Such a day to day variation which caused fine structures of the seasonal variation occurred frequently under the atmospheric condition of large latitudinal density gradient in the southern latitudes and was greatly affected by the location and intensity of the high pressure region in the east of Japan.
Comparison of two of the events with corresponding seasons
As explained in the previous section, the characteristics of the transport of the volcanic aerosols to Fukuoka highly depend on the seasons. That is why, it is needed to make the comparison with corresponding seasons to discuss properly about the differences in the long term variations between two of the events.
Comparing the two of the events with corresponding seasons, they are showing similar seasonal variations except for the initial periods. The variability of El Chichbn volcanic aerosols after the first winter is showing similar seasonal variations to that of Pinatubo volcanic aerosols observed after the first winter. The values of I.B.C. observed after the first winters in the two of the events were comparable.
In spite of the difference in the altitudes of the main layer, the one year average speeds of the downward motion of the center of gravity were about 8 m/day in both cases. The density of atmospheric molecules at 25 km, where the layer of El Chichbn was formed, was smaller than that at 22 km where the Pinatubo layer was formed. If the size distribution of the both events were comparable, the center of gravity of El Chichon layer should have descended faster than that of Pinatubo layer, but the speeds were almost the same value. From those facts, it is supposed that the aerosols of the El Chichon event have been smaller than those of Pinatubo event.
Conclusion
The volcanic aerosol layers formed from the ejecta injected by the eruptions of Mt. El Chichon and Mt. Pinatubo observed by lidar in Fukuoka were compared.
The difference in the times of the arrival of the bulk layer between the two events were caused by the difference in the seasons of their eruption. Mt. El Chichon erupted in spring (on April 4 1982) when the latitudinal transport in the lower stratosphere accompanying the planetary wave was still active, and the main layer of the volcanic aerosols were transported to Japan soon, about two weeks after the eruption. While, in the case of Mt. Pinatubo, it was about three months after the eruption that the main layer of the volcanic aerosols arrived at Japan, as the major eruption was occurred in summer (on June 15 1991) when the latitudinal transport was not active.
Although the volcanic aerosol layer formed in the event of Mt. El Chichon was a few km higher than that formed in the case of Mt. Pinatubo, the speeds of the downward motion of the center of gravity were comparable, about 8 m/day in both cases. It is supposed that the mean radius of the aerosols formed in the El Chichon event was smaller than that of the aerosols originated by Mt. Pinatubo.
